
ECOLOGY AND BEHAVIOR

Effects of Irradiation on Mediterranean Fruit Flies
(Diptera: Tephritidae): Emergence, Survivorship,

Lure Attraction, and Mating Competition

JAMES D. BARRY,1 DONALD O. McINNIS,2 DANNY GATES,3 AND JOSEPH G. MORSE

Department of Entomology, University of California, Riverside, CA 92521

J. Econ. Entomol. 96(3): 615Ð622 (2003)

ABSTRACT Irradiationofpuparia inMediterranean fruit ßy,Ceratitis capitata(Wiedemann), sterile
insect release programs can negatively affect adult ßy performance. Emergence, survivorship, lure
attraction, and mating competition tests were performed on irradiated and unirradiated Mediterra-
nean fruit ßies in Hawaii. Unirradiated ßies of the Vienna-7 (tsl) strain had higher emergence, ßight
ability, and survivorship compared with irradiated ßies. In general, unirradiated ßies were more
responsive to trimedlure, but this effect was not consistent for all strains at every age. Laboratory
strains, of both unirradiated and irradiated ßies, responded to trimedlure at a younger age than wild
ßies, which may be a result of inadvertent selection for decreased development time in laboratory-
reared ßies. Mating competition tests with irradiated and unirradiated ßies showed no signiÞcant
differences. Costs associated with the irradiation process and the development of alternative control
techniques are discussed.
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THE MEDITERRANEAN FRUIT FLY, Ceratitis captitata
(Wiedemann), is a multivoltine, polyphagous (350
plant species) insectpest that couldhaveadevastating
economic impact if it were to become established in
California or Florida (Robinson et al. 1986, Liquido et
al. 1991, Metcalf 1994). In these states, the sterile
insect technique (SIT) is used in a preventative re-
lease program to inhibit Mediterranean fruit ßy col-
onization. The goal of SIT is for released sterile males
tomate with any introducedwild females, resulting in
the production of infertile eggs (Knipling 1955).
Eradication and control programs for the Mediter-

ranean fruit ßymust continuously improve the quality
of released ßies. Observations and tests of mating
competitiveness have shown that SIT males are at a
disadvantage with wild males when competing for
wild females (Robinson et al. 1986, Shelly et al. 1994,
Cayol et al. 1999, Lance et al. 2000), and ßies used in
SITprograms are currently releasedbiweekly because
of high mortality (Barry et al. 2002). The effects of
different doses of irradiation on ßies has been thor-
oughly studied in the past (Hooper 1970, 1989), with
work focusing on sterility (Rendon et al. 1996), lon-
gevity and emergence (Zumreoglu et al. 1979), olfac-
tory response (Galun et al. 1985), mating competi-
tiveness (Holbrook and Fujimoto 1970, Katiyar and

Ramirez 1970, Hooper and Katiyar 1971), intratree
activity (Vargas et al. 1998), anddispersal (Wonget al.
1982).
This study establishes someof thebiological costs of

irradiation to determine the potential beneÞt of low-
ering thedosageor eliminating the irradiationprocess.
Unirradiated and irradiated mass-reared ßies were
compared at different ages for attraction to trimed-
lure, and effects of irradiation on Vienna-7, tsl (tem-
perature sensitive lethal)ßieswereevaluated forqual-
ity control parameters, including emergence, ßight
ability, adult survivorship, and mating competitive-
ness.

Materials and Methods

Quality Control Tests. Male Mediterranean fruit
ßies used in quality control tests were from the tsl
all-male Vienna-7 strain and were obtained as puparia
from the California Department of Food and Agricul-
ture laboratory(Waimanalo,HI).Each lot ofVienna-7
ßies (received 6 and 15 February and 8 March 2002)
was partitioned so that one-half was irradiated (2 d
before eclosion at 145 Gy at the USDA laboratory in
Waimanalo) and one-half was not (i.e., unirradiated)
(Rendon et al. 1996). Laboratory cages (model
1450BS, 30.5 by 30.5 by 30.5 cm; BioQuip, Gardena,
CA) were used to measure emergence, ßight ability,
and survivorship for each treatment. Ten replicate
cages for each lot were used to evaluate ßight ability
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and emergence of irradiated and unirradiated ßies
(n � 100 puparia per cage). Survivorship of “ßyers”
was evaluated for three different diets (water � su-
crose, water � sucrose with water removed on day 3,
and water� sucrose with water and sucrose removed
on day 3). (These diet regimenswere used to simulate
the diet of a typical SIT ßy, which are provided with
water and sucrose for 2Ð3 d before being released. In
this experiment, the three treatments correspond to a
released SIT ßy Þndingwater and sucrose, water only,
and nothing, respectively.) All cages initially con-
tained two sugar cubes, 50 ml of water, and a ßight
tube (black, hollow cylinder, 8.9 cm in diameter and
10cm inheight, coatedwith talcumpowder toprevent
ßies from walking out of the tube) (Food and Agri-
culture Organization/International Atomic Energy
Agency/United States Department of Agriculture
1998).
To evaluate the condition of nonßiers (ßies unable

to escape from the ßight tubes), cages were examined
5 d after puparia irradiation (or 3 d after most ßies
eclosed). This interval is comparable to the timing
with sterile ßy releases in the California Preventative
Release Program. The ßight tubes were placed in a
freezer to kill the ßies, and after 2 h, the ßies were
examined and separated into four categories: un-
eclosed (UE), partially eclosed (PE; ßy not fully sep-
arated fromthepuparium),deformedadult (DA), and
ßies appearing “normal” that were nonßiers (NF).
Percentage of emergence was determined as (100 �
[UE� PE]), and percentage of ßiers was determined
as (100 � [UE � PE � DA � NF]).
Fly mortality was recorded on days 3, 5, 7, 9, and 11

(day 0 was the day that most ßies eclosed and was 2 d
after irradiation) only for ßies that escaped from the
ßight tube. Thus, survivorship tests correspondedonly
to this part of the cohort. All ßy treatments had access
to water and sugar until day 3, and then depending on
treatment, ßies were provided with water (6 Febru-
ary), water and sugar (15 February), or neither water
nor sugar (8 March).
Data for emergence and ßight ability (with lots

pooled) and survivorship were analyzed using a two-
way analysis of variance (ANOVA). Data were not
transformed because responses Þt normal distribu-
tions. Means were separated using Fisher least signif-
icant difference (LSD) test.

Lure Attraction. Males of four strains used in at-
traction tests were from the Maui-93 standard strain
reared in the USDA laboratory in Waimanalo; the
Vienna-4 tsl sexing strain reared at the USDA-ARS
laboratory in Manoa, HI; the Hawaii-laboratory stan-
dard strain reared in the California Department of
Food and Agriculture laboratory in Waimanalo; and
wild ßies collected as eggs and larvae from coffee
(Coffea arabica L.) on Kauai, HI. For each laboratory
strain, irradiated (2 d before eclosion at 145 Gy, at the
USDA laboratory in Waimanalo) and unirradiated
ßies were obtained. Flies were evaluated at each age
(1Ð14 d old) by using different cohorts of ßies.
Circular, nylon-screened, Þeld cages (2.5 m in

height, 2.5 m in diameter) containing a 2- to 2.5-m tall

rooted guava tree, Psidium guajava L., were used to
test male attraction to a lure (Magnet Trimedlure
70Ð0 plug, 2 g of active material; Agrisense, Decatur,
IL). Lures were placed in a dry bucket trap (1 liter in
volume, with four entry holes of 2 cm diameter
around the perimeter) containing a Vapona pesticide
strip (Shell Chemical LP, Houston, TX). Cage tests
involved placing 100 ßies of the four strains, each
marked with a different dye (Day-Glo Color, Cleve-
land,OH), into three or four Þeld cages inWaimanalo,
HI. Traps were checked 24 h later, and ßies were
scored using a UV light. Treatments (strain, age, and
irradiation) were randomly assigned to cages. For
each age, 14 replicates of the laboratory strains were
evaluated; only 6 replicates of wild ßies of each age
were evaluated because theywere less available. Tests
were performed in a guava orchard at the University
of Hawaii Experiment Station in Waimanalo, HI,
between January 1997 and March 1999.
Data were analyzed using ANOVA, with strain, age,

and irradiationmeans separated using Fisher LSD test
(SAS Institute 1999). Within each strain, ANOVAs
were used to compare the effects of irradiation at each
age, and means were separated using Fisher LSD test.
Data were not transformed because responses Þt nor-
mal distributions.

Mating Tests. Male Mediterranean fruit ßies used
in mating tests were from the Vienna-7 tsl strain
and were obtained as puparia from the California
Department of Food and Agriculture laboratory in
Waimanalo during February 2002. Flies were irradi-
ated2dbeforeeclosionat 145Gy, at theUSDA-APHIS
mass-rearing facility in Waimanalo, and were marked
with Day-Glo dye, which does not affect ßy survival
(Serghiou 1977). Female ßies used in mating tests
were obtained from T. ShellyÕs (USDA-APHIS) lab-
oratory inManoa,HIandwere froma stock in the sixth
generation of wild ßies, collected as larvae from
Jerusalem cherry (Solanum pseudocapsicum L.). To
obtain virgin females for mating tests, newly emerged
femaleswere isolated frommales�24 h after eclosion.
These females were provided with water and fed
honey and sugar with protein hydrolysate (in a 3:1
ratio) until they were sexually mature.
The cages used for mating trials were as described

under Lure Attraction. In each cage, there were 50
irradiated males, 50 unirradiated males, and 50 fe-
males. A total of 10 replicates was evaluated inWaim-
analo inFebruary andMarch2002.Both typesofmales
were released into the cages Þrst, followed by the
females after an interval of 5Ð10 min. Flies that were
dead, incapable of ßight, or noticeably damaged in any
way at the time of release were replaced. Two Þeld
observers located and removed mating pairs without
ßy replacement and scoredmarkedmales as irradiated
or unirradiated. Observations were made from �0900
until 1300 h. A HOBO data logger (Pro Temp/RH;
Onset Computer, Bourne, MA) was placed into one
cage to record temperature and relative humidity. For
a given replicate to be included in the analysis, at least
20% of the females had to be collected inmating pairs.
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An ANOVAwas used to compare data for the num-
ber of unirradiated and irradiated males that had
mated, and means were separated using Fisher LSD
test (SAS Institute 1999). Data were not transformed
because responses Þt normal distributions.

Results and Discussion

There were noticeable differences between unir-
radiated and irradiated laboratory ßies with regard to
quality control tests (emergence, ßight ability, and
survivorship) and lure attraction, but not in mating
competition tests.

QualityControl Tests.The accepted quality control
manual lists acceptable means for percentage of
emergenceandßyers for strainscarryinga tslmutation
as 75 and 65% for unirradiated and 70 and 60% for
irradiated ßies, respectively (Food and Agriculture
Organization/International Atomic Energy Agency/
United States Department of Agriculture 1998). The

effect of irradiation is assumed to lead to an �7%
reduction in both emergence and ßight ability ([75�
70]/75�100%�6.7%, and[65�60]/65�100�7.7%,
respectively). In our study, irradiation resulted in
a much higher reduction (22%) in ßight ability
(Table 1). The average number of unirradiated and
irradiated ßies not escaping from the ßight tube was
�16 and 35%, respectively. After adjusting quality
control parameters (UE � PE �NF � DA � 1) for
unirradiated and irradiated treatments, comparisons
were made to see how they differed. The irradiation
process resulted in lower adjusted values for UE, PE,
and NF, and higher values for DA (Table 1).
Fly survivorship was different for the three diet

treatments. At day 0, there were always more unirra-
diated ßiers than irradiated ßiers; however, these dif-
ferences in survivorship only persisted when ßies
were provided with sugar and water (Fig. 1). When
ßies were supplied with water (only) after day 3
(Fig. 2) or nothing (Fig. 3), they all died quickly, with

Table 1. Quality control data for unirradiated and irradiated Vienna-7 Mediterranean fruit fly strains (with three fly lots pooled, each
treatment had 30 replicates)

QC parameter
Fly conditiona

Effect of
irradiation,b %

Statistics

Unirradiated Irradiated F df P

% Emergence 93.77� 0.46a 88.80� 0.79b 5 29.80 1,58 �0.0001
% Fliers 84.00� 1.59a 65.27� 1.64b 22 67.19 1,58 �0.0001
% Uneclosed (UE) 3.70� 0.38a 7.30� 0.63b �97 23.96 1,58 �0.0001
% Partially eclosed (PE) 2.53� 0.27a 3.90� 0.37b �54 28.02 1,58 0.004
% Deformed adults (DA) 6.80� 1.12a 17.60� 1.29b �158 40.08 1,58 �0.0001
% “Normal” non-ßiers (NF) 2.97� 0.40a 5.93� 0.75b �100 12.18 1,58 0.001
% UE adjustedc 29.08� 3.30a 21.87� 2.01a 25 3.50 1,58 0.07
% PE adjustedc 18.13� 1.81a 11.72� 1.15b 35 8.93 1,58 0.004
% DA adjustedc 33.50� 3.87a 49.69� 1.83b �48 14.29 1,58 0.0004
% NF adjustedc 19.29� 2.22a 16.72� 1.98a 13 0.74 1,58 0.4

a Values within rows with different lowercase letters are signiÞcantly different (FisherÕs LSD test).
b Calculated using (1 � [irradiated/unirradiated]) � 100%.
c Data were adjusted for each replicate, by setting quality control parameters (UE � PE � DA � NF) equal to 1. Using ANOVAs, these

frequencies were then analyzed and means were separated using FisherÕs LSD test.

Fig. 1. Survivorship (mean�SE)ofunirradiatedand irradiatedVienna-7ßiesprovidedwithwater and sugar in laboratory
cages. Only ßies capable of escaping from the ßight tube had access to food and water (*P � 0.05).
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�5% living 1 wk. Data suggest there were no differ-
ences in survivorship for ßies provided with water
afterday3 incomparisonwithnothingprovided.Thus,
the cost of irradiation on ßy survivorship seems to
depend on adult diet. In the California Preventative
Release Program, aerial releases are made twice a
week (Dowell et al. 2000), probably because of low
sterile ßy survivorship. It cannot be assumed that this
highmortality, whichmay seem comparable to ßies in
this study not feeding after day 3, is the result of sterile
ßies not Þnding good food sources, because other
factors (i.e., predation) may be operating. The cost of
irradiation may or may not persist under Þeld condi-
tions.

Lure Attraction. There were effects of strain (F �
6.77; df � 2,1159; P � 0.0012), irradiation (F � 32.49;
df � 1,1159; P � 0.0001), and age (F � 24.92; df �
13,1159; P � 0.0001) on responses of ßies to the tri-
medlure bait. For ßy responses within a strain at each
age, there was not always a signiÞcant effect of irra-
diation. Unirradiated ßies demonstrated a greater re-
sponse than irradiated ßies for Vienna-4 at all ages,
although the differences were only signiÞcant after
day 7 (Fig. 4). The Hawaii-laboratory strain showed
higher responseswithunirradiatedßies for theÞrst 2 d
and then similar responses across treatments after-
ward (Fig. 5). Unirradiated Maui-93 ßies showed
higher responses than did irradiated ßies for ages

Fig. 2. Survivorship (mean� SE) of unirradiated and irradiated Vienna-7 ßies providedwithwater and sugar for 3 d after
emergence and then only with water. Only ßies capable of escaping from the ßight tube had access to food and water (*P �
0.05).

Fig. 3. Survivorship (mean� SE) of unirradiated and irradiated Vienna-7 ßies providedwithwater and sugar for 3 d after
emergence and then with nothing. Only ßies capable of escaping from the ßight tube had access to food and water (*P �
0.05).
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1Ð3 d, and subsequently, irradiated ßies exhibited
higher responses (Fig. 6). The effect of irradiationwas
signiÞcant at seven ages in Vienna-4 (Fig. 4); two ages
in Hawaii-laboratory (Fig. 5); and at Þve ages in
Maui-93 (Fig. 6). In general, therewas a rapid increase
in laboratory ßy response for the Þrst 4 d followed by
a gradual decline, whereas wild ßies had a gradual
increase in lure response throughout the 14-d trial
(Fig. 7). This differencemay be the result of selection
for decreased development time in laboratory-reared
colonies (Cayol 2000).

Mating Tests. In mating competition tests, unirra-
diated males accounted for 54.4% of the matings, with
an average of 15.0 � 1.6 males mating, which was not
signiÞcantly different from the 12.4 � 1.3 irradiated
males that mated (F � 1.64; df � 1,18; P � 0.22).

Based on the current study, the use of nonsterile
laboratoryßieswould confer the greatest beneÞt to ßy
survivorship compared with their sterilized counter-
parts, providingßies couldÞnd adequate food sources.
Even though the average irradiatedmalewas found to
be aspermic after mating with four females (Hooper
and Katiyar 1971), whereas the average unirradiated
male mated 14 times over its lifespan (Katiyar 1973),
it is unlikely that SIT males used in the California
PreventativeReleaseProgramwill be required tomate
more than once.
Inaneffort to increase thequalityofßiesused inSIT

programs, several researchershaveproposed reducing
or even eliminating the irradiation process. Lowering
the current irradiation dose (145 Gy)may be possible
because most Mediterranean fruit ßy SIT programs

Fig. 4. Responses (mean � SE) of unirradiated and irradiated Vienna-4 ßies to trimedlure during a 24-h period at 14
different ages (*P � 0.05).

Fig. 5. Responses (mean � SE) of unirradiated and irradiated Hawaii-laboratory ßies to trimedlure during a 24-h period
at 14 different ages (*P � 0.05).
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now use laboratory strains that carry a tsl (tempera-
ture-sensitive lethal) mutation, which before irradia-
tion, are semisterile from a Y-autosome chromosome
translocation that produces all males (�99%) (Stef-
fens 1986). Strains carrying a tsl mutation also have
a higher Þtness cost, as shown by reduced emergence
and ßight ability in comparison to other laboratory
strains (Rendon et al. 1996, Barry et al. 2002). Low-
ering irradiation dosages would not substantially
change protocols for rearing centers and should
lessen the observed differences in quality control pa-
rameters between unirradiated and irradiated ßies.
Before dosages could be lowered, research would
need to be done evaluating different dosages and their
effects on quality control parameters for the strains

that are currently in use. This research has been
done for the Vienna 42 strain carrying the tslmutation
inGuatemala (Rendon et al. 1996) and for theHawaii-
laboratory strain (E. B. Jang and D.O.M., unpublished
data).
A genetic technique developed with Drosophila

melanogaster Meigen (Diptera: Drosophilidae) in-
volves the release of insects carrying dominant lethal
mutations (RIDL), in which all female progeny and
one-half of all male progeny die (Heinrich and Scott
2000,Thomaset al. 2000). IncorporatingRIDL into the
present SIT programs would require more research
anddevelopment, but it couldpotentially offer amuch
greater beneÞt. Some advantages of using RIDL in-
clude elimination of the sex-separation stage and the

Fig. 6. Responses (mean � SE) of unirradiated and irradiated Maui-93 ßies to trimedlure during a 24-h period at 14
different ages (*P � 0.05).

Fig. 7. Responses (mean � SE) of unirradiated and irradiated laboratory (strains were pooled), and wild ßies to
trimedlure during a 24-h period at 14 different ages. At each age, n � 42 for unirradiated laboratory ßies, n � 42 for irradiated
laboratory ßies, and n � 6 for wild ßies (*P � 0.05).
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entire irradiation process, the release of insects at any
life-cycle stage, and Þtness advantages of transgenic
ßies over their irradiated counterparts (Thomas et al.
2000). The cost of developing RIDL for Mediterra-
nean fruit ßy is not known, and theÞtness cost (if any)
of the alleles involved in RIDL system need to be
determined for the Mediterranean fruit ßy. However,
the estimated annual costs associated with permanent
establishment of the Mediterranean fruit ßy in Cali-
fornia are between $1.3 and $1.9 billion (Siebert and
Pradhan 1991, Siebert and Cooper 1995, Siebert 1999,
CaliforniaDepartment ofFoodandAgriculture 2001).
Such a promising enhancement to SIT, as the RIDL
could be, should be developed for the Mediterranean
fruit ßy and evaluated in the Þeld in the presence of
wild populations to determine its future use.

Acknowledgments

We thank T. Shelly (USDAÐAPHIS, Hawaiian Evolution-
ary Biology Program,Honolulu, HI) for supplying laboratory
space and ßies; S. Tam and J. Komatsu (USDAÐARSGenetics
Laboratory, Honolulu, HI) for supplying ßies and assisting in
Þeld observations; R. D. Goeden and T. M. Perring for re-
viewing the manuscript; and L. Tran for assisting with Þeld-
work. This research was funded in part by USDAÐAPHIS
Methods Development (Waimanalo, HI) and by the Cali-
fornia Citrus Research Board and forms part of the Ph.D.
dissertation of J.D.B.

References Cited

Barry, J. D., R. V. Dowell, and J. G. Morse. 2002. Compar-
ison of two sterile Mediterranean fruit ßy (Diptera:
Tephritidae) strains released in CaliforniaÕs preventative
release program. J. Econ. Entomol. 95: 936Ð944.

Cayol, J. 2000. Changes in sexual behavior and life history
traits of Tephritid species caused by mass-rearing pro-
cesses, pp. 843Ð860. InM.Aluja andA.L.Norrbom(eds.),
Fruit ßies (Tephritidae): phylogeny and evolution of
behavior. CRC, Boca Raton, FL.

Cayol, J. P., J. Vilardi, E. Rial, and M. T. Vera. 1999. New
indices and method to measure the sexual compatibility
and mating performance of Ceratitis capitata (Diptera:
Tephritidae) laboratory-reared strains under Þeld cage
conditions. J. Econ. Entomol. 92: 140Ð145.

[CDFA] California Department of Food and Agriculture.
2001. Mediterranean fruit ßy preventative release pro-
gram: report to the legislature. California Department of
Food and Agriculture: Plant Health and Pest Prevention
Services, Sacramento, CA.

Dowell, R. V., I. A. Siddiqui, F. Meyer, and E. L. Spaugy.
2000. Mediterranean fruit ßy preventative release pro-
gramme in southern California, pp. 369Ð375. InK. H. Tan
(ed.), Area-wide control of fruit ßies and other insect
pests. Penerbit Universiti Sains Malaysia, Pulau Pinang,
Malaysia.

Food and Agriculture Organization/International Atomic
Energy Agency/United States Department of Agricul-
ture. 1998. A manual of quality control for fruit ßies,
version4.0. InternationalAtomicEnergyAgency,Vienna,
Austria.

Galun, R., S. Gothilf, S. Blondheim, J. L. Sharp, M. Mazor,
and A. Lachman. 1985. Comparison of aggregation and
feeding responses by normal and irradiated fruit ßies,

Ceratitis capitata and Anastrepha suspensa (Diptera:
Tephritidae). Environ. Entomol. 14: 726Ð732.

Heinrich, J. C., and M. J. Scott. 2000. A repressible female-
speciÞc lethal genetic systemformaking transgenic insect
strains suitable for a sterile-release program. Proc. Natl.
Acad. Sci. 97: 8229Ð8232.

Holbrook, F. R., and M. S. Fujimoto. 1970. Mating com-
petitiveness of unirradiated and irradiated Mediterra-
nean fruit ßies. J. Econ. Entomol. 63: 1175Ð1176.

Hooper, G.H.S. 1970. Sterilization of the Mediterranean
fruit ßy: a review of laboratory data, Sterile-male tech-
nique for control of fruit ßies. International Atomic
Energy Agency, Vienna, Austria.

Hooper, G.H.S. 1989. The effect of ionizing radiation on
reproduction, pp. 153Ð164. In A. S. Robinson and G.
Hooper (ed.), Fruit ßies: their biology, natural enemies
and control. Elsevier Publishers, Amsterdam, The Neth-
erlands.

Hooper, G.H.S., and K. P. Katiyar. 1971. Competitiveness
of gamma-sterilized males of the Mediterranean fruit ßy.
J. Econ. Entomol. 64: 1068Ð1071.

Katiyar, K. P. 1973. Insemination capacity of gamma-
sterilzed Mediterranean fruit ßy males irradiated during
pupal stage. Turrialba 23: 48Ð51.

Katiyar, K. P., and E. Ramirez. 1970. Mating frequency and
fertility of Mediterranean fruit ßy females mated with
normal and irradiated males. J. Econ. Entomol. 63: 1247Ð
1250.

Knipling, E. F. 1955. Possibilities of insect control or erad-
ication through the use of sexually sterile males. J. Econ.
Entomol. 48: 459Ð462.

Lance, D. R., D. O. McInnis, P. Rendon, and C. G. Jackson.
2000. Courtship among sterile and wild Ceratitis capitata
(Diptera: Tephritidae) in Þeld cages in Hawaii and
Guatemala. Ann. Entomol. Soc. Am. 93: 1179Ð1185.

Liquido, N. J., L. A. Shinoda, and R. T. Cunningham. 1991.
Host plants of the Mediterranean fruit ßy (Diptera:
Tephritidae): an annotated world review. Misc. Publ.
Entomol. Soc. Am. 77: 5Ð52.

Metcalf, R. L. 1994. Biography of the medßy, pp. 43Ð48. In
J. G. Morse, R. L. Metcalf, J. R. Carey, and R. V. Dowell
(eds.), The medßy in California: deÞning critical re-
search. University of California, Center for Exotic Pest
Research, Riverside, CA.

Rendon, P., G. Franz, and R. J. Wood. 1996. Assessment of
irradiation doses for TSL (thermal sensitive lethal) strain
Vienna 42, pp. 193Ð196. InB. A.McPheron andG. J. Steck
(eds.), Fruit ßy pests: a world assessment of their biology
and management. St. Lucie Press, Delray Beach, FL.

Robinson, A. S., U. Cirio, G.H.S. Hooper, and M. Capparella.
1986. Field cage studieswith agenetic sexing strain in the
Mediterranean fruit ßy, Ceratitis capitata. Entomol. Exp.
Applic. 41: 231Ð236.

SAS Institute. 1999. UserÕs manual, version 8.0. SAS Insti-
tute, Cary, NC.

Serghiou,C. S. 1977. Selected factors affecting thequalityof
Mediterranean fruit ßy used in sterile release programs.
J. Econ. Entomol. 70: 351Ð356.

Shelly, T. E., T. S. Whittier, and K. Y. Kaneshiro. 1994.
Sterile insect release and the natural mating system of
the Mediterranean fruit ßy, Ceratitis capitata (Diptera:
Tephritidae). Ann. Entomol. Soc. Am. 87: 470Ð481.

Siebert, J. B. 1999. Update on the economic impact of the
Mediterranean fruit ßy onCalifornia agriculture. Univer-
sity of California Report. Gianini Foundation of Agricul-
tural Economics, Berkeley, CA.

June 2003 BARRY ET AL.: EFFECTS OF IRRADIATION ON MEDITERRANEAN FRUIT FLIES 621



Siebert, J. B., and T. Cooper. 1995. Embargo on California
produce would cause revenue, job loss. Calif. Agric. 49:
7Ð12.

Siebert, J. B., and V. Pradhan. 1991. The potential impact of
the Mediterranean fruit ßy, Ceratitis captitata (Wied.),
upon establishment in California: an update. University
of California Department of Agriculture and Resource
Economics, Berkeley, CA.

Steffens, R. J. 1986. Autocidal control, pp. 139Ð154. In J. M.
Franz (ed.), Biological plant and health protection:
biological control of plant pests and of vectors of human
and animal diseases. Gustav Fischer, Stuttgart, NY.

Thomas, D. D., C. A. Donnelly, R. J. Wood, and L. S. Alphey.
2000. Insect population control using a dominant, re-
pressible, lethal genetic system. Science (Wash.). 287:
2474Ð2476.

Vargas, R. I., R. Prokopy, C.-L. Hsu, and D. Kanehisa. 1998.
Intra-tree activity of male Mediterranean fruit ßies

(Diptera: Tephritidae): effects of posteclosion light,
crowding, adult diet, and irradiation. Proc. Hawaii Ento-
mol. Soc. 33: 51Ð55.

Wong, T.T.Y., L.C.Whitehand, R.M.Kobayashi, K.Ohinata,
N. Tanaka, and E. J. Harris. 1982. Mediterranean fruit
ßy: dispersal of wild and irradiated and untreated labo-
ratory-reared males. Environ. Entomol. 11: 339Ð343.

Zumreoglu, A., K. Ohinata, M. Fujimoto, H. Higa, and E. J.
Harris. 1979. Gamma irradiation of the Mediterranean
fruit ßy: effect of treatment of immature pupae in nitro-
gen on emergence, longevity, sterility, sexual competi-
tiveness, mating ability, and pheromone production of
males. J. Econ. Entomol. 72: 173Ð176.

Received for publication 9 September 2002; accepted 29
January 2003.

622 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 96, no. 3


